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Magnetic anisotropy, spin wave (SW) excitation and exchange stiffness constant of amorphous FeTaC (d = 20-200 nm)
films were studied as a function of thickness using micro-strip ferromagnetic resonance (MS-FMR) technique. The MS-
FMR spectra for in-plane applied magnetic field show the presence of uniform precessional mode (n = 0) along with first
perpendicular standing spin wave (PSSW) mode (n = 1) especially for d = 50, 100 and 200 nm films. The angular (ϕH )
dependence of resonance field (Hr) and magnetic field dependence of resonance frequencies (fr) in planar configuration for
the uniform and PSSW modes were modeled successfully by using dispersion relation which arises from a combination of
exchange and dipolar interactions. The relevant parameters such as saturation magnetization (4piMS), uniaxial anisotropic
constant (Ku), g-factor, and exchange stiffness constants (Aex) are estimated for different FeTaC film thickness. Aex is
found to increase from 1.52(4)×10−7 to 5.0(5)×10−6 erg/cm as the thickness of film increases from 50 to 200 nm, possibly
due to surface pinning effect or significant inhomogeneity especially at higher thickness films.
Index Terms—Ferromagnetic resonance, Soft ferromagnetic alloy, Perpendicular standing spin wave, Exchange stiffness constant.
I. INTRODUCTION
SOFT ferromagnetic (FM) alloys have been promisingcandidates towards potential technological applications
in various magnetoelectronic devices like magnetoresistive
random access memories (MRAM), magnetic tunnel junctions
(MTJs) and soft underlayer in perpendicular magnetic record-
ing media. The amorphous nature of those alloys reduces
the number of pinning centers which may lead to the spin
transfer torque (STT)-driven domain wall motion along with
high tunneling magnetoresistance ratio (TMR) [1]. It has
been reported that the addition of 20 % metalloid (in this
case ’Ta’ and ’C’) in Fe based FM metal matrix destroys
crystallinity and shows enhanced soft magnetic properties [2],
[3], [4], [5], [6]. Furthermore, the soft magnetism in Fe based
nanocrystalline alloys arises from two-phase microstructure in
which fine nanocrystals are embedded in amorphous matrix,
resulting a strong intergranular FM exchange coupling [7].
Therefore, FeTaC soft FM thin films are considered to be as
one of the potential candidates for applications. FeTaX (X =
N or C) based nanocrystalline thin films exhibit the features
of core materials in magnetic reading heads [8], [9]. In order
to use this kind of alloy for development of spin devices, it is
required to understand the spin wave excitations.
Ferromagnetic resonance (FMR) technique is one of the
powerful tools to explore spin wave resonance and magne-
tization dynamics in ferromagnets with finite size. In FMR,
the external microwave field couples with uniform and non
uniform spin wave modes. The modes with wave vector (~q)
component perpendicular to the film surface is termed as
perpendicular standing spin wave (PSSW) modes and the
quantization of these modes is due to the pinning of the
moments at the surface [10]. In the current work, the magnetic
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anisotropy, spin wave excitation and exchange stiffness are
explored along with thickness dependence (d = 20-200 nm)
study in FeTaC soft FM thin films by using mainly micro-
strip ferromagnetic resonance (MS-FMR) technique.
II. EXPERIMENTAL DETAILS
Single layer Fe80Ta8C12 films with different thickness d =
20, 50, 100, and 200 nm were deposited by dc magnetron
sputtering technique and the details were reported elsewhere
[5]. The static and dynamic magnetic properties were explored
by using a vector network analyzer (VNA) based custom
made MS-FMR spectrometer and vibrating sample magne-
tometer (LakeShore model no. 7410). The details of MS-
FMR technique and measurement procedure are discussed
elsewhere [11]. The magnetic field sweep FMR spectra have
been carried out for different precessional frequencies and
azimuthal angles. The frequency and angular dependence of
resonance fields were extracted from each FMR spectrum and
the numerical modeling was performed by using mathematica
program.
III. THEORETICAL BACKGROUND
In this section, frequency (f ) and azimuthal angle (ϕH )
dependence of resonance fields (Hr) will be derived for uni-
form precessional mode and PSSW mode in order to interpret
the experimental results. The free energy density of a single
magnetic thin film can be written as,
E = −MSH [sin θH sin θMcos (ϕH − ϕM ) + cos θH cos θM ]
−2piM2Ssin2θM −Ku
(
sin2θMcos
2ϕMcos
2ϕu
+sin2θM sin
2ϕM sin
2ϕu
)
+K⊥sin2θM
(1)
In the above expression, ϕH and ϕM are azimuthal angles
corresponding to H and M directions, respectively. θH and
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2θM are polar angles. The first term in the above expression
corresponds to the Zeeman energy, and the second term is
dipolar demagnetization energy, where as the third and fourth
terms correspond to the uniaxial planar and perpendicular
magnetic anisotropy energies, respectively. MS is the sat-
uration magnetization, Ku and K⊥ are in-plane and out-
of-plane uniaxial magnetic anisotropy constants, respectively.
The resonance frequency fr of the uniform precession mode
is deduced from the energy density by using the following
expression [12],
f2r =
( γ
2pi
)2 1
M2Ssin
2θM
[
∂2E
∂θ2M
∂2E
∂ϕ2M
−
(
∂2E
∂θM∂ϕM
)2]
(2)
The resonance equations for planar configuration are solved
at equilibrium position of M under the applied magnetic field
(H) by using the condition, ∂E∂ϕM=0 and the solution of H
from the energy minimization condition is derived as,
H =
2Ku
MS
cosϕMsinϕM
sin(ϕH − ϕM ) (3)
The in-plane (θH = θM = pi/2) dispersion relation of the
uniform and PSSW modes can be modeled in combined way
from the total magnetic energy density which arises from the
exchange and dipolar interactions and is given by [13], [14],
fr =
γ
2pi

(
Hcos (ϕM − ϕH)
+ 2KuMS cos 2 (ϕM − ϕu) + 2AexMS
(
npi
d
)2 ) 12(
Hcos (ϕM − ϕH) + 4piMS − 2KuMS
+ 2KuMS cos
2 (ϕM − ϕu) + 2AexMS
(
npi
d
)2 )
1
2

(4)
where γ is the gyromagnetic ratio, Aex is the exchange
stiffness constant and n is the quantized number for the PSSW
along the thickness direction. n=0 represents the uniform
precession mode and the higher order modes (n=1, 2, 3, ...)
represent PSSW mode.
IV. RESULTS AND DISCUSSION
The room temperature magnetic hysteresis loops (M −H)
for planar configuration are shown in Fig. 1 for different
thickness of FeTaC films. The 20 nm sample shows rectangular
shaped loop with remanence ratio of around 90%. The loop
shape is changed to flat loop along with low remanence for
50 nm sample. The coercivity fields (HC) for 20 and 50 nm
samples are found to be 1.5 and 2 Oe, respectively which is
a characteristic feature of soft ferromagnetism. By increasing
the film thickness (≥ 100 nm), the M −H clearly shows the
transcritical loop manifesting the presence of stress induced
perpendicular anisotropy during the film deposition [5]. MS
is found to increase from 6125 ± 30 Oe to 7740 ± 40
Oe as the film thickness increases from 20 to 200 nm. The
room temperature soft magnetic properties degrade drastically
as thickness increases due to the transition from in-plane
orientation of magnetization to the strip domain patterns [6].
The typical FMR spectra for planar orientation are shown in
Fig. 2 for different thickness of films at 10 GHz precessional
frequency along the direction ϕH=0◦. It is observed that the 20
Fig. 1. Room temperature M − H loops for different thickness of FeTaC
thin films in planar orientation.
Fig. 2. In-plane FMR spectra along ϕH = 0◦ at 10 GHz for different
thickness of FeTaC thin films.
nm thick film shows a clear uniform precession mode without
any other spin wave resonance (SWR) mode, in which the
dynamic magnetization is uniform across the film thickness.
However, by increasing the film thickness from 50 nm
onwards, the first PSSW mode is excited at lower absorption
fields. The signal intensity of this mode in 50 nm thick
film is 7 times smaller than the uniform mode. The absence
of higher order (n > 1) exchange-dominated PSSW modes
could be due to very weak excitation and the intensity of
those modes may be lower than our detection sensitivity. The
separation between the uniform mode and first PSSW mode
increases with decreasing the film thickness, which could be
understood on the basis that the perpendicularly quantized spin
wave vector is inversely proportional to the film thickness,
i.e. q = npi/d. For thicker film, especially for d = 200 nm,
the separation between the PSSW and uniform mode is even
smaller (not shown) and the broadening in uniform mode is
3Fig. 3. (a) In-plane angular dependence of the resonance fields at different
precessional frequencies for d = 20 nm. (b) Resonance frequency as a function
of in-plane applied magnetic field along easy and hard axis of magnetization
for d = 20 nm. The solid lines are fit to the model.
observed along with a small kink at lower absorption field. As
the thickness of the film increases, Hr shifts towards higher
absorption fields due to higher saturation magnetization. Fig.
3(a) shows the ϕH dependence of Hr for uniform mode at
6, 8, and 10 GHz precessional frequencies for 20 nm thick
film, which depicts that the angular dependence of resonance
fields is governed by uniaxial magnetic anisotropy. The typical
field dependence of resonance frequencies is shown in Fig.
3(b). The experimental data points are successfully modeled
using Eq.(4) by incorporating the condition n = 0. By
increasing the thickness of the film from 50 nm onwards, ϕH
dependence of Hr for uniform mode and the first PSSW mode
at three different frequencies were modeled by incorporating
the condition n = 0 and n = 1, respectively and are shown as
solid lines in Fig. 4 (a). The respective H dependence of fr
along easy and hard axis of the magnetization is also shown in
Fig. 4(b). The numerically data points yielded a good fit and
the relevant parameters such as MS , Ku, g-factor, and Aex
for different film thickness are listed in Table-1. The origin
of in-plane uniaxial magnetic anisotropy in FeTaC thin films
Fig. 4. In-plane angular dependence of the resonance fields at different
precessional frequencies for uniform and PSSW modes for d = 50 nm.
Resonance frequency as a function of in-plane applied magnetic field along
easy and hard axis of magnetization for uniform and PSSW modes for d =
50 nm. Experimentally and numerically calculated data points are shown as
open symbols and solid lines, respectively.
(d = 20 and 50 nm) could be understood on the basis that
the strong exchange coupling between the FM atoms plays
an important role during deposition process, which allows to
form aligned FM atom pairs parallel to the film plane. The
small Ku values of 4.5(5)×103 and 1.3(2)×103 erg/cm3 are
estimated for 20 and 50 nm thick films, respectively and the
consequent planar anisotropic fields (Hu) are 18.3 and 5 Oe.
On further increase in thickness of the film from 100 to 200
nm, the in-plane uniaxial magnetic anisotropy disappears. H
dependence of fr for both the modes for 100 [Fig. 5] and 200
nm [not shown] thick films are also modeled.
Interestingly, MS values obtained from MS-FMR analysis
are close to that observed in M − H loop measurements
and are found to increase with film thickness. g-factor shows
1/d dependence behavior. Aex also increases with increase in
thickness, which may be due to the surface pinning effect [13].
The values of Aex for 50 and 100 nm thick films are found
to be one order of magnitude smaller than the known value
1×10−6 erg/cm for bulk Fe [15], whereas it is comparable to
4TABLE I
PARAMETERS OBTAINED FROM MS-FMR ANALYSIS. THE ABBREVIATIONS 4piMS , Ku , Hu , Aex , g ARE SATURATION MAGNETIZATION, IN-PLANE
UNIAXIAL MAGNETIC ANISOTROPY CONSTANT, IN-PLANE UNIAXIAL ANISOTROPIC FIELD, GYROMAGNETIC RATIO, AND EXCHANGE STIFFNESS
CONSTANT, RESPECTIVELY.
d 4piMS (Oe) - VSM 4piMS (Oe)- MS-FMR Ku (erg/cm3) Hu (Oe) g Aex (erg/cm)
20 nm 6125±30 6157±5 4.5×103(5) 18.3 2.45(3) −−
50 nm 6500±25 6471±5 1.3×103(2) 5 2.32(8) 1.52(4)×10−7
100 nm 7445±20 7414±7 −− −− 2.23(1) 2.0(2)×10−7
200 nm 7740±40 7791±10 −− −− 2.14(2) 5.0(5)×10−6
Fig. 5. Resonance frequency as a function of in-plane applied magnetic field
for uniform and PSSW modes for d = 100 nm. The solid lines are fit to the
model.
FePt film of thickness 105 nm [16]. On the other hand, Aex
for 200 nm film is 5 times larger than that of Fe. The reason
may be due to the significant inhomogeneity which adequately
excites the spin waves or segregation of Fe clusters in such
thick films.
V. CONCLUSIONS
MS-FMR technique has been employed to explore the
magnetic anisotropy and spin wave excitations in FeTaC based
soft FM films. The azimuthal angular dependence of reso-
nance fields depicts the presence of small uniaxial magnetic
anisotropy in d = 20 and 50 nm thick films. The existence of
first PSSW mode along with uniform mode gives rise to the
evidence of exchange and dipolar interactions. The exchange
stiffness constant for these amorphous films are deduced from
the in-plane angular evolution as well as from the frequency
spacing along the easy and hard axis of magnetization of
PSSW mode. Aex values are found to be increased from
1.52(4)×10−7 to 5.0(5)×10−6 erg/cm with increasing thick-
ness of the film form 50 to 200 nm, respectively.
REFERENCES
[1] S. Fukami, T. Suzuki, K. Nagahara, N. Ohshima, Y. Ozaki, S. Saito,
R. Nebashi, N. Sakimura, H. Honjo, K. Mori, C. Igarashi, S. Miura, N.
Ishiwata, and T. Sugibayashi, ”Low-current perpendicular domain wall
motion cell for scalable high-speed MRAM,” Dig. Tech. Pap.- Symp. VLSI
Technol., vol. 32, pp. 230-231, 2009.
[2] M. Miura and A. Obata, ”Crystallographic and magnetic behavior in
crystallization process of FeTaC film,” IEEE Trans. Magn., vol. 32, pp.
1952-1958, 1996.
[3] A. T. Hindmarch, C. J. Kinane, M. MacKenzie, J. N. Chapman, M.
Henini, D. Taylor, D. A. Arena, J. Dvorak, B. J. Hickey, and C. H.
Marrows, ”Interface Induced Uniaxial Magnetic Anisotropy in Amor-
phous CoFeB Films on AlGaAs(001),” Phys. Rev. Lett., vol. 100, pp.
117201(1)-117201(4), 2008.
[4] A. Perumal, Y. K. Takahashi, and K. Hono, ”Fe-Ta-C soft underlayer for
double-layered perpendicular recording media,” J. Appl. Phys., vol. 105,
pp. 07A304(1)-07A304(3), 2009.
[5] A. K. Singh, B. Kisan, D. Mishra, and A. Perumal, ”Thickness dependent
magnetic properties of amorphous FeTaC films,” J. Appl. Phys., vol. 111,
pp. 093915(1)-093915(7), 2012.
[6] A. K. Singh, S. Mallik, S. Bedanta, and A. Perumal, ”Effect of Postan-
nealing and Multilayer Structure on Soft Magnetic Properties of FeTaC
Thin Film,” IEEE Trans. Magn., vol. 50, pp. 1-4, 2014.
[7] G. Herzer, ”Grain size dependence of coercivity and permeability in
nanocrystalline ferromagnets,” IEEE Trans. Magn., vol. 26, pp. 1397-
1402, 1990.
[8] T. Okumura, A. Osaka, N. Ishiwata, M. Kitamura, and H. Urai,
”Read/write characteristics for laminated high moment Fe-Ta-N film
heads for HDTV VTR,” IEEE Trans. Magn., vol. 28, pp. 2121-2123,
1992.
[9] R. Goto, T. Kawai, M. Yamazaki, F. Tsuneda, S. Suwabe, I. Sak-
aguchi, and A. Iwama, ”Low inductance double-sided Metal-In-Gap nano
composite slider using Fe-Ta-N magnetic film system for 250 Mb/in2
recording,” IEEE Trans. Magn., vol. 30, pp. 3909-3911, 1994.
[10] Y. S. Gui, N. Mecking, and C. M. Hu, ”Quantized Spin Excitations in a
Ferromagnetic Microstrip from Microwave Photovoltage Measurements,”
Phys. Rev. Lett., vol. 98, pp. 217603(1)-217603(4), 2007.
[11] B. Samantaray, A. K. Singh, A. Perumal, R. Ranganathan, and P.
Mandal, ”Spin dynamics and frequency dependence of magnetic damping
study in soft ferromagnetic FeTaC film with a stripe domain structure,”
Aip Advances, vol. 5, pp. 067157(1)-067157(8), 2015.
[12] O. Acher, S. Queste, M. Ledieu, K. U. Barholz, and R. Mattheis,
”Hysteretic behavior of the dynamic permeability on a Ni-Fe thin film,”
Phys. Rev. B, vol. 68, pp. 184414(1)-184414(4), 2003.
[13] M. Grimsditch, A. Malozemoff, and A. Brunsch, ”Standing Spin Waves
Observed by Brillouin Scattering in Amorphous Metallic Fe80B20
Films,” Phys. Rev. Lett., vol. 43, pp. 711-714, 1979.
[14] M. Belmeguenai, H. Tuzcuoglu, M. Gabor, T. Petrisor, C. Tiusan, D.
Berling, F. Zighem, and S. Mourad Chrif, ”Magnetic and structural
properties of Co2FeAl thin films grown on Si substrate,” J. Magn. Magn.
Mater., vol. 373, pp. 140-143, 2015.
[15] B.D. Cullity, ”Introduction to Magnetic Materials,” Addison-Wesley,
Reading, MA, pp. 397, 1972.
[16] A. Martins, S. C. Trippe, A. D. Santos, and F. Pelegrini, ”Spin-wave
resonance and magnetic anisotropy in FePt thin films,” J. Magn.Magn.
Mater., vol. 308, pp. 120-125, 2007.
